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SUMMARY

An investigation was conducted into the friction and wear behavior of both tunitubricated and dry-
film-lubricated (Tiolube 460) titanium alloy (Ti-6Al-4V) in contact with an uncoated high-nickel-
content superalloy (Inconel 718) both in vacuum and in air. The acquisition of friction and wear data
for this sliding couple was motivated by the need for input data for the "antenna stuck ribs model"
effort to free Galileo's high gain antenna.

The results of the investigation indicate that galling occurred in the unlubricated system in
vacuum and that the coefficient of friction increased to 1.2. The abnormally high friction (1.45) was
observed when relatively large wear debris clogged at the sliding interface. The coefficient of friction
for the dry-film-lubricated system in vacuum is 0.04, while the value in air is 0.13. The endurance
life of the dry-film lubricant is about three orders of magnitude greater in vacuum than in air. The
worn surfaces of the dry-film-lubricated Ti-6A1-4V pin and Inconel 718 disk first nun in humid air and
then renun in vacuum was completely different from that of the pin and disk nun only in vacuum.
Galling occurred in the former conditions, while spalling occurred in the latter conditions. When
galling occurred in the humid-air and vacuum contact, coefficient of friction rose to 0.32 when sliding
in humid air and to 1.4 when sliding in vacuum. The galling was accompanied by severe surface
damage and extensive transfer of the Ti-6Al-4V to the Inconel 718, or vice versa. When spalling
occurred in the dry-film-lubricated Ti-6A1-4V pin nin only in vacuum, the coefficient of friction rose
to 0.36 or greater. The wear damage caused by spalling can self-heal when rerun in vacuum and,
consequently, the coefficient of friction decreased to 0.05. The friction and wear data obtained can be
used for the "antenna stuck ribs model" effort to free Galileo's high gain antenna.

INTRODUCTION

NASA's Galileo Jupiter probe was deployed by the space shuttle Atlantis in October 1989. How-
ever, Galileo's main antenna remains only partially unfurled after its failure to open properly in April
1991. The latest analysis by NASA's Jet Propulsion Laboratory indicates that four of the antenna's 18
ribs are stuck in place. The alignment pins on those ribs were bent by the deployment motor during
the first attempt to unfurl the device (ref. 1).

The Ti-6A14V pins were coated with an inorganic, bonded dry-film lubricant, Tiolube 460, which
utilizes a molybdenum disulfide pigment to prevent galling and to increase pin wear life when sliding
on Inconel 718 (private Communication with John Repar and Tim O'Donnell of JPL). Because the
lubricant may have failed on the spacecraft, the coefficient of friction of a bare pin-rib system will be
used to determine whether a thermal excursion could generate forces (due to differential thermal
expansion in the mechanism) large enough to free the galled parts.

The objective of the present investigation is to provide the Jet Propulsion Laboratory with friction
and wear data, taken in vacuum, on the lubricated "rib-spoke interface of alignment pins," the galling



of which may be responsible for the antenna's failure to unfurl. Three sets of sliding friction experi-
ments were conducted. In the first set unlubricated Ti-6Al-4V pins were slid on an unhibricated
Inconel 718 disk at loads of 2.5 and 4 N in vacuum. In the second set dry-film-lubricated Ti-6Al-4V

pins were slid on an Inconel 718 disk at a load of 8.5 N both in vacuum and in air. In the third set of
experiments, the pins that had been nun both in vacuum and in air during the second set of experi-
ments were slid on the same track of their Inconel disk in vacuum and at two loads (8.5 and 2.5 N for
average contact pressures of 0.95 to 1.5 GPa, respectively). The loads and environments were chosen
to simulate the conditions that the rib-spoke interface of the antenna's alignment pins may have been
experienced.

EXPERIMENTAL

Tribometer

The tribometer (vacuum friction apparatus) is shown in figure 1 (ref. 2). The apparatus consists
of a pin-on-disk assembly mounted in an ultrahigh vacuum chamber, a drive system, and a friction
force measuring system (also shown in fig. 1). All components within the vacuum chamber are
compatible with oxidizing, inert, or reducing gases.

The disk specimen is mounted on a shaft that is driven by a gear motor connected to a rotary
feedthrough with a ferrofluidic seal. The drive assembly provides rotation at various speeds, which are
regulated by a do-motor speed controller. During disk rotation, the pin scribed a circular wear track
on the flat surface of the disk. The bellows assembly permits rotation at various track diameters. The
pin specimen is mounted in a holder attached to one end of a stainless-steel beam. The beam is
welded into a bellows assembly which is gimbal mounted to the vacuum-chamber wall. The gimbal
mounting permits deadweight loading of the pin against the disk surface. At right angles to the dead-
weight loading, the beam containing the pin can move in two directions in the horizontal plane.
Movement of the pin (with the disk as it rotates) is restrained by a cable which is attached to a
beryllium-copper ring. The ring contains four sets of strain gauges to measure the friction force
between the pin and disk specimens. The friction force can be continuously recorded by a strip chart
recorder or by a computerized data acquisition system during friction experiments.

The vacuum system was evacuated for 12 to 15 hr without bakeout to a pressure in the le Pa
(10-9 torr) range using an oil-sealed mechanical pump, a turbomolecular vacuum pump, an ultraviolet
lamp, and a titanium sublimation pump. Pressure is measured by a nude ionization gauge. Residual
gas analysis is made before, during, and after the friction and wear experiment with a quadrupole gas
analyzer.

Friction and Wear Experiments

Friction and wear experiments were conducted with (1) unlubricated Ti-6Al-4V sliding against
Inconel 718 and (2) dry-film-lubricated Ti-6A1-4V sliding against Inconel 718 (table 1). The unlu-
bricated Ti-6A1-4V sliding against Inconel 718 is given here for reference. The contacting surface of
the Ti-6A1-4V specimens were hemispherical with a radius of curvature of 0.5 mm. The dry-film
lubricant (25 pm thick) was applied over Tiodize-treated Ti-6Al-4V pins (figs. 2 and 3) by the vendor
of the lubricant. The coating thickness was determined by taking a cross section of a representative
pin specimen (fig. 2 (b)). The contacting surface of Inconel 718 disk specimens was flat. The disk
specimens were 25 mm in diameter and 5 mm thick. The average surface roughness of the Inconel
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TABLE I.—EXPERIMENTS

(a) Materials

Materials Pretreatment Dry-film lubricant

Pin Disk Pin Disk Pin Disk

Ti-6A14V Inconel 718" Bare Bare None None

Ti-6A14V Inconel 718' Tiodize Bare Tiolube 460 None

(b) Conditions

Load, N	 ..................................	 2.5, 4, and 8.5
Disk rotating speed, rpm 	 .......................	 1, 10, and 40
Track diameter, min	 .............................	 12 to 20
Sliding velocity, mm/sec ...................	 0.5, 0.9, 8, and 36
Environment condition:

Air	 ............................... 40% relative humidity
Vacuum	 .....................................	 10-7 Pa

'Composition, wt% (maximum unless shown as range): Ni, 50-55; Cr,
17-21; Fe, 12-23; Cb + Ta, 4.75-5.5; Mo, 2.8-3.3; Co, 1; Ti, 0.65-1.15;
Al, 0.2-0.8; Si, 0.35; Mn, 0.35; Cu, 0.3; C, 0.08; S, 0.015; P, 0.015;
B, 0.006.

718 disks, measured by surface profilometer, was 34 nm, root mean square, and 25 nm. center line
average. The pin and disk specimens were provided by the Jet Propulsion Laboratory.

The as-received pin and disk specimens were positioned in the chamber. In this investigation,
sliding friction experiments were conducted with the apparatus in two environments: (1) in vacuum
and (2) in laboratory air (approximately 40-percent relative humidity). For the sliding friction
experiments in vacuum, the system was evacuated to a pressure of approximately 7 x 10-7 Pa
(5 x 10-9 ton); all experiments in vacuum were conducted at this pressure.

In each experiment, a new pin specimen was used unless otherwise specified. The diameter of the
wear track on the Inconel 718 disks ranged from approximately 12 to 20 mm. The loads used were
2.5 to 8.5 N (average contact pressure, 0.95 to 1.5 GPa).

RESULTS AND DISCUSSION

Unittbricated Ti-6A1-4V to Inconel 718 Contact

Friction .—Friction traces (plots of the coefficient of friction versos the number of disk revolu-
tions) for the unlubricated system measured at 2.5 N are presented in figure 4. The traces for the first
three or four disk revolutions are characterized by randomly fluctuating behavior, with only occasional
evidence of stick-slip behavior (e.g., fig. 4(a)). The presence of oxides and contaminants on the sur-
faces of Ti-6Al-4V pin and Inconel 718 disk contributed to this relatively low coefficient of friction.
Stick-slip behavior becomes dominant after five disk revolutions. The higher the number of disk revo-
lutions, the greater the stick-slip behavior. The traces for 10 disk revolutions and above are primarily
characterized by a continuous, marked stick-slip behavior, as shown by the representative section in
figure 4(b). This type of friction is anticipated where strong metallic interactions occur at the interface
due to the removal of the oxides and contaminants from the alloy surfaces by sliding action.
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The coefficients of friction, calculated from the highest value and from the average value of the
five highest values of friction within a given revolution, are presented in figure 5. Both coefficients of
friction increased with increasing number of disk revolutions and reached equilibrium values (0.9
to 1.2) after 40 to 50 disk revolutions. The abnormally high coefficient of friction (1.45) at 80 disk
revolutions is probably due to wear debris clogging the sliding interface.

Wear damage.—Scanning electron microscope (SEM) photographs and energy dispersion x-ray
analysis (EDX) spectra of the damage produced on the pin and on the disk after 100 disk revolutions
at a load of 2.5 N are presented in figures 6 to 9. Figure 6 shows that substantial plastic deformation
occurred on the pin. Large wear debris particles formed by plastic deformation and ductile fracture of
the Ti-6A14V pin are present around the wear scar. Also, plastically deformed grooves and clogged
wear debris are present on the wear scar of the pin. Closer SEM examination and EDX analysis of the
wear debris showed it to be composed primarily of elements from the Ti-6A14V pin (fig. 7) and of
small amounts of chromium, iron, and nickel from the Inconel 718 disk.

Figures 8 and 9 show the Ti-6A1-4V patches on the wear track of Inconel 718 disk. The trans-
ferred patches occupied a quite large area fraction of the overall wear track. Thus, the severe damage,
often referred to as galling, occurred in the unlubricated Ti-6Al-4V to Inconel 718 contact in vacuum
(refs. 3 to 5).

Effect of dwell time on friction.—It is well known that, although the static coefficient of friction
for metal contacts varies most markedly at short times of static contact (say, below 0.1 sec), at longer
times the coefficient of friction depends only slightly on the duration of static loading (ref. 6). Since
the contact stir-face of the Ti-6A1-4V pin was in a state of plasticity (fig. 6), it was expected that the
static friction would not be sensitive to the duration of static loading (ref. 6).

Figure 10 presents friction traces (coefficient of friction as a function of number of disk revolu-
tions) for a Ti-6A1-4V pin in contact with Inconel 718 disk. At 90 disk revolutions (fig. 10(a)) and at
95 disk revolutions (fig. 10(b)), the sliding motion was stopped, and conditions were held for 1/2 hr
and for 2 hr, respectively. After the dwell time, sliding was restarted. The traces clearly show that
dwell time had almost no effect on the static coefficient of friction, which was similar before and after
the dwell time.

Effect of load.—Figure 1 1 presents the coefficients of friction measured at the load of 4 N. The
coefficients of friction were calculated from highest value in friction traces. As might be expected, the
friction behavior and the appearance of the galling was essentially the same as observed at 2.5 N.

Dry-Film-Lubricated Ti-6A1-4V to Inconel 718

Friction.—Sliding friction experiments were conducted with dry-film-lubricated (Tiolube 460) Ti-
6A1-4V pins on Inconel 718 disks at a load of 8.5 N both in vacuum and in air. The results are
presented in figures 12 to 14.

In vacuum, the coefficient of friction starts relatively high (0.23) but rapidly decreases and
reaches an equilibrium value of about 0.04 (fig. 12). It remains constant for a long period of time.
The friction trace fluctuated slightly with no evidence of stick-slip behavior (fig. 13). The sliding
action finally caused the coefficient of friction to rapidly increase at 172 370 revolutions. Wear
damage, which will be discussed later, caused the high friction at this stage.
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In air, the coefficient of friction started high (approximately 0.30) in the first 23 revolutions, but
decreased and reached an equilibrium value of about 0.1 (fig. 14). Continued sliding caused the coef-
ficient of friction to increase at 270 revolutions. When the coefficient of friction reached an equili-
brium value of about 0.3, the experiment stopped (at 700 disk revolutions). The friction trace with
disk revolutions to 270 exhibited mild stick-slip behavior (as shown by the representative section in
figs. 15(a) and (b)). After 270 disk revolutions, the friction trace exhibited greater stick-slip behavior
(fig. 15(c)).

When compared with the coefficients of friction obtained in vacuum, the coefficients of friction
obtained in air were much greater. The coefficient of friction for the dry-film lubricant in vacuum is
1/3 of the value in air. Further, the endurance life of the dry-film lubricant in vacuum (the number of
disk revolutions before the onset of a marked increase in friction) is about three orders of magnitude
longer than that in air.

Rerun in Vacuum with the Worn Pin and Disk

Worn in vacuum.—At 172 370 revolutions of sliding contact in vacuum (fig. 12), the sliding
motion was stopped because of high friction (0.36 or greater) caused by the wear damage. After hold-
ing conditions for about 18 hr, the sliding was restarted. The result is presented in figure 16(a). The
coefficient of friction after renin became much lower. Further, the coefficient of friction generally
decreased to about 0.05 with increasing member of disk revolutions. This result suggests that the wear
damage in vacuum, which caused high friction at 172 370, can self-heal when renun in vacuum.

After 50 revolutions of sliding contact, the sliding motion was stopped, and the load was changed
from 8.5 N to 2.5 N. Contact was maintained for 30 sec, and then sliding was begun at the new load.
The changing load from 8.5 N to 2.5 N did not affect the coefficient of friction, as shown in
figure 16(b).

Worn in air and then rerun in vacuum.—After 700 disk revolutions in air (fig. 14), the worn
surfaces were at rest, and loose wear particles on the Inconel 718 disk surface were blown off. Then
the vacuum chamber was evacuated to 10-7 Pa (10-9 torr). After dwelling for about 18 hr in contact,
the sliding motion was restarted. The coefficients of friction for the pin and disk worn in humid air
were much higher than those for the pin and disk worn in vacuum (as shown in fig. 16(a)). Further,
the coefficient of friction generally increased with increasing number of disk revolutions.

After 50 revolutions of sliding contact in vacuum, the sliding motion was stopped, and the load
was changed from 8.5 N to 2.5 N. Contact was maintained for 30 sec, and then sliding was begun at
the new load. The coefficient of friction continued to increase with increasing number of disk revo-
lutions (fig. 16(b).

Wear Damage

Worn in vacuum.—SEM photographs of the worn surfaces of the dry-film-lubricated Ti-6A1-4V
pin sliding against Inconel 718 disk in vacuum show surface smearing, tearing, and spalling of the
dry-film lubricant (figs. 17 to 20). This type of wear damage, which results from fatigue of the dry-
film lubricant, is often referred to as spalling (refs. 3 to 5).
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Figure 17(a) shows the relatively smooth burnished surfaces in the upper and lower regions of the
wear scar and the rougher surface at the center of the scar. Closer SEM examination and EDX ana-
lysis of the wear damage at the center of the wear scar showed that the flake-like wear debris
(fig. 16(b)) resulted from surface smearing and tearing of the dry-film lubricant. EDX analysis of the
flake-like debris indicated that it mainly contained the elements of the MoS 2 lubricants. Figure 17(c)
shows a crater (dark area) where fragments of the dry-film lubricant were removed and the Ti-6Al-4V
substrate was exposed. The EDX analysis of the crater indicated that it mainly contained elements of
the Ti-6A1-4V.

Interestingly, even with the spalling, the extent of removal and fragmentation of the dry-film
lubricant was minimal. Still, the dry-film lubricant occupied the majority of the overall wear scar.

Figures 18 and 19 show a taper cross section of the worn surface of the dry-film-lubricated
Ti-6A1-4V pin at an angle of 45° to the worn surface. The cross-section SEM photographs clearly
indicate that most of the dry-film lubricant remains even after about 170 000 revolutions in vacuum.
The film thickness of the remaining lubricant is about 15 pin. Close SEM examination reveals dense,
amorphous-like material in the area right underneath the worn surface (fig. 19 (a)).

Figure 20(a) shows the relatively smooth track of the Inconel 718 disk with transferred patches of
the dry-film lubricant observed (even in the low magnification view) mainly at the center of the wear
track. Closer SEM examination of the center and upper regions of the track shows the transferred
wear particles to be in the form of flakes and powders (fig. 20(b) and (c)).

Worn in air and renun in vacuum.—Scanning electron micrographs of the worn surfaces of the
dry-film-lubricated Ti-6A1-4V pin and Inconel 718 disk nun in air for 700 disk revolutions and then
rerun in vacuum for 100 disk revolutions are shown in figures 21 to 27. Figure 21 shows that both
plastic deformation and ductile fracture occurred in the dry-film-lubricated Ti-6A14V pin. The
backscatter photograph (fig. 21(b)) reveals three different materials: (1) the light areas in the photomi-
crograph show where the transfer patches from the Inconel 718 disk stayed on the Ti-6A1-4V pin, (2)
the grayer areas show the Ti-6A1-4V substrate with no dry-film lubricant present, and (3) the salt and
pepper-like areas around the edge of wear scar show the dry-film lubricant. In addition to the major
elements of Inconel 718, the transfer patches also contained elements such as molybdenum and sulfur
from the lubricant (fig. 22(a)). On the other hand, the gray areas contained only the elements of Ti-
6Al-4V (fig. 22(b)).

The large patches seen on the wear track of the Inconel 718 disk of figure 23 are also apparent in
the backscatter photomicrograph of figure 23(b), which indicated the dark areas to be the transfer
patches from the Ti-6A1-4V. Further, the EDX analysis (fig. 24(a)) of the transfer patch shows that it
mainly contained elements of the Ti-6A1-4V with a small amount of elements from the dry-film lubri-
cant. The rest of the areas in the wear track contained relatively smaller amounts of elements from the
Ti-6Al-4V and dry-film lubricant (fig. 24(b)). Closer SEM examination (fig. 25) of the wear track
reveals extensive plastic shearing of the Inconel 718 disk.

Figure 26, a taper cross section of the worn surface of the dry-film-lubricated Ti-6A1-4V pin
shows clearly that the dry-film lubricant is not present on the worn surface. Further, in the overview
photomicrograph, extrusion out of the wear scar and transferred patches of Inconel 718 are also well
defined because of effective atomic number contrast. In figure 27 plastic deformation of the Ti-6Al-
4V (extrusion out of the wear scar) and local solid-phase welding between Ti-6A1-4V and transfer
patch of Inconel 718 (often referred to as scuffing) were well defined by the backscatter electron
image SEM.
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Thus, the worn surface of the pin and disk first run in humid air and then rerun in vacuum was
completely different from that of the pin and disk run only in vacuum. The surface worn in humid air
(figs. 21 and 23) exhibited galling accompanied by the severe surface damage and extensive transfer of
the Ti-6AI-4V to the Inconel 718, or vice versa.

SUMMARY OF RESULTS

1. Galling occurred in the unlubricated Ti-6AI-4V to Inconel 718 contact and increased the coeffi-
cient of friction to 1.2 in vacuum. Abnormally high friction (1.45) was observed when relatively large
wear debris clogged the sliding interface. Dwell time had little effect on the static coefficient of
friction.

2. The performance of the dry-film lubricant in air is poor compared with its performance in
vacuum. The coefficient of friction for the dry-film-lubricated system in vacuum was about 0.04,
while the value in air was 0.13. The endurance life of the dry-film lubricant was about three orders of
magnitude greater in vacuum than in air.

3. The worn surfaces of the dry-film-lubricated Ti-6AI-4V pin and Inconel 718 disk first run in
humid air and then rerun in vacuum were completely different from those of the pin and disk run only
in vacuum. Galling occurred in the former conditions, while spalling occurred in the latter conditions.

4. When galling occurred in the dry-film-lubricated Ti-6AI-4V to Inconel 718 contact first nun in
humid air and then rerun in vacuum, the coefficient of friction rose to about 0.32 in humid air and to
1.4 in vacuum. The galling was accompanied by severe surface damage and extensive transfer of the
Ti-6AI-4V to the Inconel 718, or vice versa.

5. When spalling occurred in the dry-film-lubricated Ti-6AI-4V pin nun against Inconel 718 only
in vacuum, the coefficient of friction rose to 0.36 or greater. The wear damage, however, self-healed
when rerun in vacuum, and the coefficient of friction decreased to 0.05.

6. The friction and wear data obtained can be used for the "antenna stuck ribs model" effort to
free Galileo's high gain antenna.
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Figure 2.—Taper cross section of dry-film-lubricated Ti-6AI- 	 Figure 3—Structure of dry-film-lubricated Ti-6AI-4V pin.
4V pin at an angle of 45°.

10



1.6	 q Highest value
0 Average of 5

highest valuesc
12

U

.8
U

d
U 4

9

.6

.4

.2
(a)

c 0
4	 0	 1	 2
U.0

O 1.2

1.0
U_

.8d
U .6	 +

	

.4	 Y

.2

	

0	 (b)
31

	

	 32	 33
Number of disk revolutions

(a) At first and second revolution.
(b) At 31 st and 32nd revolution.

Figure 4.—Friction trace for unlubricated Ti-6AI-4V pin sliding
against Inconel 718 disk at 2.5 N in vacuum.

0	 20	 40	 60	 80	 100
Number of disk revolutions

Figure 5.—Coefficients of friction for Ti-6Al-4V pin sliding against
Inconel 718 disk as function of number of disk revolutions at
2.5 N in vacuum.

Figure 6.—Wear scar produced on unlubricated Ti-6A]-4V pin
after sliding against Inconel 718 disk at 2.5 N in vacuum.
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(a) Secondary electron image SEM of clogged wear debris.
(b) Spot EDX analysis of the clogged wear debris. The thin gold

film used to reduce charging of the mount is responsible for
the gold signal in the spectrum.

(a)Secondary electron image SEM.
(b)Backscatter electron image SEM.

Figure 7.—Clogged wear debris on the wear scar of the pin. 	 Figure 8.—Wear track on Inconel 718 disk showing transfer
patches of Ti-6AI-4V .
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Figure 9.—Large transfer patch of Ti-6AI-4V on Inconel 718 disk.
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1.2

8

4

Restarted after
dwelling for 1/2 hr

i

1.2

C
O
U_

.8

O
Cd

4

d
0
U

0	 20	 40	 60	 80	 100

Number of disk revolutions

Figure 11.--Coefficients of friction (highest value) for unlubri-
cated Ti-6A]-4V pin sliding against Inconel 718 disk as function
of number of disk revolutions at 4 N in vacuum.

.4

o .3
U

0 2
C
N
U_

.1

U

0	 40	 80	 120	 160	 200x103

Number of disk revolutions

Figure 12.Coefficients of friction for dry-film-lubricated Ti-
6AI-4V pin sliding against Inconel 718 disk at 8.5 N in vacuum.

14



.4

C
0

U
'C

O
C
d
U_

U

.2

0
	

2

.2
(b)

0
19	 20	 21

Number of disk revolutions
(a) At first and second revolution.

(b)19th and 20th revolution.

Figure 13.—Friction traces for dry-film-lubricated Ti-6AI-4V
sliding against Inconel 718 at 8.5 N in vacuum.

.36

.32C
0

.28

0 
.24c

a^

U 

.20

U .16

	

121 
	 - I -	1 	 1

	

0	 100	 200	 300	 400	 500	 600	 700

Number of disk revolutions

Figure 14.--Coefficients of friction for dry-film-lubricated TI-6AI-
4V pin sliding against Inconel 718 disk at 8.5 N in air.

I^



30	 60

.3

.2

.1

0

.4

c 2
0
U

O
c .1

U

0 o (b)	 I
100	 130	 160

4 r-

.3

.2

1

640	 670	 700

Number of disk revolutions
(a) At first to 60th revolution.

(b)At 100th to 160th revolution.
(c)At 640 to 700th revolution.

Figure 15.—Friction traces for Ti-6AI-4V pin sliding against
Inconel 718 at 8.5 N in air.

q Previously worn in vacuum

	

• g	 A Previously worn in air

Q 
AAA 

A AA A A AAA A AAA A A
.4

0 ^IEl El q q
c
0
v 1.6
C

o	 A A

	

1.2	 ^A A A	 AAA A A A A A

o	 A A	 AA A
0
U 8

.4

(b)

1=1 q q 4 q q q m q q q a7 q q q Q q q q QJ

	

0	 10	 20	 30	 40	 50
Number of disk revolutions

(a)Load, 8.5 N; rotating speed, 40 rpm.
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Figure 16.—Coefficients of friction for worn surfaces of dry-film-
lubricated Ti-6AI-4V pin sliding against Inconel 718 disk when
rerun in vacuum.
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(a) Low magnification overview showing relatively smooth surfaces at upper and lower areas of wear scar with spalling and tearing center.
(b) Surface smearing and tearing at the center of wear scar resulting in separation of particles from surface in form of flakes.

(c) Spalling at the center of wear scar.

Figure 17.—Wear scar produced in dry-film -lubricated Ti-6AI-4V pin after sliding against Inconel 718 disk in vacuum.

17



(a) Secondary electron image SEM.	 (a) Cross section of worn surface.

(b) Backscatter electron image SEM. 	 (b) Cross section of the as-coated area of dry-film-lubricant.

Figure 18.—A taper cross section of the worn surface of dry-film- 	 Figure 19.—Comparison of microstructures. Backscatter
lubricated Ti-6AI-4V pin at angle of 45° to the worn surface. 	 electron image SEM.
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(a) Low magnification overview of wear track.
(b) Detailed view showing transfer patches at center of wear track.

(c) Detailed view showing powder-like wear debris of dry-film lubricant.

Figure 20.—Wear scar produced on Inconel 718 disk after sliding against dry-film-lubricated Ti-6AI-4V pin in vacuum.
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(a) Secondary electron image SEM.
(b) Backscatter electron image SEM.

Figure 21.—Wear track produced in dry-film-lubricated Ti-6AI-4V
pin after sliding against Inconel 718 disk in air and then rerun
in vacuum.

Energy, KeV
(a) Transfer patch.

(b) Ti-6A]-4V substrate.

Figure 22.—EDX analysis of wear scar produced in dry-film-
lubricated Ti-6AI-4V pin after sliding against Inconel 718 disk
in air and then rerun in vacuum. The thin gold film used to
reduce charging of the mount is responsible for the gold
signal in the two spectra.
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Energy, KeV
(a) Transfer patch of Ti-6AI-4V.

(b) Smeared area.

Figure 24.—EDX analysis of wear track produced in Inconel
718 disk after sliding against dry-film-lubricated Ti-6A[-4V pin
in air and then rerun in vacuum. The thin gold film used to
reduce charging of the mount is responsible for the gold
signal in the two spectra.
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Figure 25.- SEM photomicrograph of wear track showing
extensive plastic shearing in Inconel 718 disk after sliding
against dry-film-lubricated Ti-6AI-4V pin in air then rerun in
vacuum.

Figure 26.—A taper cross section of the worn surface of the dry-
film-lubricated Ti-6AI-4V pin at an angle of 45° to the worn sur-
face. Overview (backscatter electron image SEM) showing ex-
trusion out of the wear scar, transferred patches of Inconel 718,
and no presence of the dry-film lubricant on the worn surface.
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(a) Backscatter electron image SEM showing extrusion out of
the wear scar.

(b) Backscatter electron image SEM showing a transferred
patch of Incor.ol 7! 8 on the worn surface of Ti-6AI-4V pin.

Figure 27.—A taper cross section of trig worn surface of the
dry-film-lubricated Ti-6AI-4V pin.
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